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TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

There  has been c o n s i d e r a b l e  concern  r e c e n t l y ,  t h a t  
t h e  c u r r e n t  estimates o f  t h e  Apol lo  command module l i f t - t o -  
d r a g  r a t i o  p l a c e s  a c o n s t r a i n t  on t h e  t o l e r a b l e  E n t r y  c o r r i -  
d o r  which cannot  b e  a c h i e v e d  unde r  some wors t  c a s e  c o n d i t i o n s .  
One o f  these wors t  c a s e s  i s  where t h e  Command Module must p e r -  
form t h e  T r a n s e a r t h  I n j e c t i o n  ( T E I )  maneuver and subsequent  
midcourse  c o r r e c t i o n s  u s i n g  i t s  backup gu idance  s y s t e m .  T h i s  
memorandum r e p o r t s  t h e  r e s u l t s  of a s t u d y  t o  e v a l u a t e  t h e  
e x p e c t e d  d i s p e r s i o n s  a t  Ent ry  unde r  t h i s  c o n d i t i o n .  

The backup guidance  s y s t e m  u t i l i z e s  t h e  t h ree  body- 
mounted g y r o s  i n  t h e  S t a b i l i z a t i o n  C o n t r o l  Sys t em (SCS) as 
a n  a t t i t u d e  r e f e r e n c e  and a s i n g l e  a c c e l e r o m e t e r  t o  measure 
t h e  change i n  v e l o c i t y  ( A V ) .  I n  p r e p a r a t i o n  f o r  a n  SCS AV 
mode maneuver t h e  RTCC computes t h e  des i r ed  i n e r t i a l  a t t i t u d e ,  
t h e  t i m e  o f  i g n i t i o n ,  and t h e  AV r e q u i r e d  f o r  t h e  maneuver 
and s e n d s  these t o  t h e  s p a c e c r a f t .  The a s t r o n a u t s  a l i g n  t h e  
s p a c e c r a f t  t o  t h e  des i red  i n e r t i a l  a t t i t u d e  and i n i t i a t e  t h e  
maneuver. A d i s p l a y  i n d i c a t e s  t h e  measured AV t o  t h e  a s t r o -  
n a u t s  and t h e  e n g i n e  i s  shutdown when t h e  d e s i r e d  AV i s  
a c h i e v e d .  During t h e  maneuver, t he  SCS m a i n t a i n s  t h e  des i r ed  
i n e r t i a l  a t t i t u d e .  The performance o f  t h e  e n t i r e  s y s t e m  i s  
c o n s i d e r a b l y  p o o r e r  t h a n  the  per formance  of  t h e  p r i m a r y  gu id -  
ance  s y s t e m  f o r  t h ree  r e a s o n s .  F i r s t ,  t h e  i n d i v i d u a l  s y s t e m  
components are n o t  as a c c u r a t e  as t h e  components i n  t h e  pr ime 
s y s t e m .  I n  a d d i t i o n ,  t h e  a s t r o n a u t s  cannot  a l i g n  t h e  v e h i c l e  
as a c c u r a t e l y  i f  t h e  s e x t a n t  i s  i n o p e r a b l e .  Secondly ,  w i t h  
o n l y  a s i n g l e  a c c e l e r o m e t e r ,  no f a c i l i t y  e x i s t s  f o r  d i r e c t l y  
measu r ing  a c c e l e r a t i o n  i n  t h e  d i r e c t i o n s  o r t h o g o n a l  t o  t h e  
a c c e l e r o m e t e r  i n p u t  a x i s .  T h i r d l y ,  t h e  AV mode does  n o t  adapt 
t o  s e n s e d  d e v i a t i o n s  s i n c e  no f a c i l i t y  e x i s t s  f o r  computing 
or commanding a new a t t i t u d e  and d e s i r e d  AV d u r i n g  t h e  maneu- 
v e r .  For these r e a s o n s ,  t h e  backup scheme p r o v i d e s  s u b s t a n -  
t i a l l y  degraded performance when compared t o  t h e  p r i m a r y  
s y s t e m ,  and t h e r e f o r e  c o u l d  r e q u i r e  g r e a t e r  a l l o w a b l e  d i s p e r -  
s i o n s  a t  E n t r y .  
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2 . 0  METHODS AND ASSUMPTIONS 

The s t a t i s t i c s  of  the  En t ry  d i s p e r s i o n s  were formed 
from 551 Monte Car lo  s i m u l a t i o n s  of t h e  e n t i r e  T r a n s e a r t h  l e g  
of  t h e  m i s s i o n .  Each o f  t h e  r u n s  was s i m u l a t e d  as  f o l l o w s :  
Random samples were t a k e n  f r o m  each  of t h e  e r r o r  s o u r c e  d i s -  
t r i b u t i o n s  i n  p r e p a r a t i o n  f o r  t h e  s i m u l a t i o n  o f  t h e  T E I  maneu- 
v e r .  The a c t u a l  s t a t e  v e c t o r  and t h e  guidance  e s t i m a t e  of  t h e  
s t a t e  v e c t o r  were i n t e g r a t e d  t h r o u g h  t h e  burn u s i n g  t h e  a c t u a l  
and e s t i m a t e d  t h r u s t  a c c e l e r a t i o n  v e c t o r s  r e s p e c t i v e l y .  The 
nominal (no e r r o r )  f i n a l  s t a t e  v e c t o r  was t h e n  s u b t r a c t e d  from 
t h e  f i n a l  a c t u a l  and e s t i m a t e d  s t a t e  v e c t o r s  f o r  t h e  e r r o r  
c a s e s ,  forming t h e  a c t u a l  and estimated s t a t e  v e c t o r  d i s p e r -  
s i o n s  a t  t h e  end of T E I .  These d i s p e r s i o n s  were n e x t  p ropaga ted  
w i t h  f r e e  f a l l  t r a n s i t i o n  m a t r i c e s  o u t  t o  t h e  t i m e  o f  t h e  f i r s t  
schedu led  midcourse c o r r e c t i o n .  The e s t i m a t e d  s t a t e  v e c t o r  
d e v i a t i o n s  were s e t  e q u a l  t o  t h e  a c t u a l s  a t  t h i s  p o i n t ,  simu- 
l a t i n g  a p e r f e c t  s t a t e  v e c t o r  u p d a t e  p r i o r  t o  t h e  c o r r e c t i o n .  
The r e q u i r e d  midcourse c o r r e c t i o n  was t h e n  c a l c u l a t e d  and p e r -  
formed f o r  each  of t h e  551 samples .  The r e s u l t i n g  s t a t e  v e c t o r  
d i s p e r s i o n s  were t h e n  propagated  on t o  t h e  t i m e  o f  t h e  second 
midcourse c o r r e c t i o n .  A second c o r r e c t i o n  was per formed,  t h e  
r e s u l t s  propagated  t o  t h e  t i m e  of t h e  t h i r d  midcourse c o r r e c -  
t i o n ,  and t h e  t h i r d  c o r r e c t i o n  was made. The a c t u a l  d i s p e r s i o n s  
a t  t h e  end of t h e  t h i r d  c o r r e c t i o n  were propagated  forward  t o  
t h e  nominal En t ry  a l t i t u d e .  

e a c h  of t h e  midcourse c o r r e c t i o n s  and p r i o r  t o  T E I .  It was 
f e l t  t h a t  t h e  u n c e r t a i n t i e s  i n  t h e  s t a t e  v e c t o r  due t o  non- 
p e r f e c t  MSFN t r a c k i n g  were n e g l i g i b l e  i n  comparison t o  t h e  
e x e c u t i o n  e r r o r s  i n  t he  maneuvers. A p r e v i o u s  s t u d y  ( R e f e r -  
ence  1) has shown t h i s  t o  be t r u e  f o r  t h e  p r i m a r y  guidance  
s y s t e m  i n  t h e  T E I  maneuver. 

A p e r f e c t  s t a t e  v e c t o r  update  was assumed p r i o r  t o  

The midcourse c o r r e c t i o n s  s i m u l a t e d  were f i n i t e  t i m e  
powered f l i g h t  maneuvers w i t h  b a s i c a l l y  t h e  same set  o f  e r r o r  
s o u r c e s  a s  t h e  T E I  maneuver. 

It should  b e  s t r e s s e d  t ha t  complete  powered f l i g h t  
s i m u l a t i o n s  were made f o r  each powered f l i g h t  phase so  t h a t  
any n o n l i n e a r  e f f e c t s  were i n c l u d e d .  
was used  because  of t h e  d i f f i c u l t i e s  i nvo lved  i n  g e n e r a t i n g  
l i n e a r  t r a n s i t i o n  m a t r i c e s  f o r  t h e  midcourse c o r r e c t i o n  maneuvers.  

The Monte C a r l o  approach 

2 . 1  Free F l i g h t  Propagat ion  

P ropaga t ion  of t h e  d i s p e r s i o n s  through t h e  f r e e  f a l l  
p o r t i o n s  of t h e  m i s s i o n  was accompl ished  u s i n g  l i n e a r  t r a n s i -  
t i o n  m a t r i c e s  excep t  f o r  t h e  p o r t i o n  between t h e  t h i r d  midcourse 
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and E n t r y .  The t r a n s i t i o n  m a t r i c e s  were g e n e r a t e d  by i n t e -  
g r a t i n g  d e v i a t i o n s  from t h e  r e f e r e n c e  t r a j e c t o r y  between t h e  
p o i n t s  o f  i n t e r e s t .  The v a l i d i t y  o f  t h e  l i n e a r i t y  a s sumpt ion  
was t e s t e d  by s e l e c t i n g  s e v e r a l  samples o b t a i n e d  a t  v a r i o u s  
p o i n t s  i n  t h e  s i m u l a t i o n  and i n t e g r a t i n g  them forward  t o  t h e  
p o i n t  o f  i n t e r e s t .  The i n t e g r a t e d  r e s u l t s  were t h e n  compared 
w i t h  t h e  r e s u l t s  from t h e  l i n e a r  t r a n s i t i o n  m a t r i x  p r o p a g a t i o n .  
E x c e l l e n t  agreement was o b t a i n e d .  The s t a t e  v e c t o r s  a t  t h e  
end of t h e  t h i r d  midcourse  c o r r e c t i o n  were i n d i v i d u a l l y  propa-  
gated forward t o  t h e  r e f e r e n c e  t r a j e c t o r y  E n t r y  a l t i t u d e .  
T h i s  p r o p a g a t i o n  was performed u s i n g  two-body c o n i c  e q u a t i o n s .  
The d i s p e r s i o n s  abou t  t h e  p ropaga ted  nominal s t a t e  v e c t o r  were 
computed and used  as t h e  d i s p e r s i o n s  about  t h e  r e f e r e n c e  t r a -  
j e c t o r y  E n t r y  s t a t e  v e c t o r .  

2 . 2  Midcourse C o r r e c t i o n  Models 

Each of  t h e  t h r e e  midcourse c o r r e c t i o n s  were made a t  
a s p e c i f i e d  t i m e .  The f i rs t  c o r r e c t i o n  o c c u r r e d  19 hours  a f t e r  
T E I .  The second o c c u r r e d  15 h o u r s  p r i o r  t o  E n t r y .  The t h i r d  
o c c u r r e d  5 hour s  p r i o r  t o  E n t r y .  

The r e q u i r e d  c o r r e c t i o n s  were computed on t h e  basis 
o f  a c h i e v i n g  t h e  r e f e r e n c e  E n t r y  p o s i t i o n  a t  t h e  r e f e r e n c e  
t i m e .  T h i s  was accompl ished  i n  t h e  f o l l o w i n g  manner. 

Le t  [I+,,] be t h e  l i n e a r  t r a n s i t i o n  m a t r i x  which re-  
l a t e s  d e v i a t i o n s  a t  t h e  midcourse t i m e  t o  d e v i a t i o n s  a t  t h e  
t i m e  o f  r e f e r e n c e  E n t r y .  
i s  p a r t i o n e d  i n t o  f o u r  t h r e e - b y - t h r e e  m a t r i c e s .  

[I+,,] i s  a s ix-by-s ix  m a t r i x  which 

I f  6Xmc i s  t h e  s t a t e  v e c t o r  dev,at ion a t  t h e  miGzourse t i m e ,  
t h e n  t h e  p o s i t i o n  m i s s  a t  Ent ry  i s  g i v e n  by 
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The velocity correction at the midcourse time necessary to 
drive 6PE to zero is given by 

-+ 

Again, the linearity assumptions were verified by 
selecting several sets of deviations at each of the midcourse 
points and determining the midcourse required by a targeting 
procedure using integrated trajectories. The velocity cor- 
rections thus obtained were compared with the corrections 
computed using the linear transition matrices and excellent 
agreement was obtained. 

The criteria for determing whether or not to make 
a correction varied with the midcourse. For the first two 
corrections, no correction was made if AVreq, the magnitude 
o f  the required velocity change, was less than one fps or if 
5 < AV < 17.  If 1 5 AVreq 5 ,  the correction was made 
using the R C S  thrusters only. 
ullage with the R C S  thrusters was made and the remainder of 
AV was obtained with the main (SPS) engine. 

req 
If AVreq > 17, a five fps 

req 
For the third midcourse, no correction was made if 

AV 
using the R C S  thrusters. If AVreq = > 

was made with the R C S  thrusters and the remainder was obtained 
with the SPS engine. 

< 1 fps. If 1 2 AVreq < 17, the correction was made 
req 

17, a five f p s  ullage 

2.3 Powered Flight Error Models 

assumed for this study. Locating documented values for several 
of the error sources proved to be one of the more difficult 
tasks in the study. As a consequence, some values were selected 
on the basis of seeming reasonable and no documented source is 
offered. Unfortunately, one of these turned out to be a prin- 
cipal error source. That was initial misalignment of the body 
about the body pitch axis. This error source reflects how well 
the astronaut can align the spacecraft to a desired inertial 
attitude and how accurately the body mounted gyros can control 

Table 1 presents the values of the error sources 
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the rotation of the vehicle to the desired attitude for the 
maneuver. Since this was a "worst case" study, the sextant 
was assumed inoperative and the astronaut would have to align 
the body by looking at stars or landmarks through the window. 
The assumed initial misalignment error of 0.5 degrees one 
sigma about all three axis seemed reasonable. Related to this 
problem is the amount of time between the time the astronaut 
aligns the body and uncages the gyros, and the time of engine 
ignition. This can be important since it involves the amount 
of time the gyros drift before ignition. The value assumed 
was 30 minutes. 

No data could be found for specific accelerometer 
errors such as bias or scale factor. These effects are, 
however, included in the total AV counter error. 

Because not all error sources behave the same, two 
types of error sampling was used. For some error sources, 
the same error value was used for all maneuvers. For example, 
if the SPS thrust in TEI was four pounds greater than nominal, 
it was also four pounds greater for the associated midcourse 
corrections. For other error sources, different random values 
were selected for each maneuver. An example of the latter 
is the initial misorientation of the body thrust axis. Table 1 
indicates whether the same random values were used for all 
maneuvers on a flight or if different values were selected 
for each maneuver. 

A random value for the vehicle mass uncertainty was 
selected only at the beginning of TEI. The mass at the end of 
TEI for each monte carlo run was used as the initial mass at 
midcourse 1, etc. 

While no autopilot or engine control system was 
modeled, the reaction of the vehicle to a center of gravity 
uncertainty was modeled. Figure 1 presents the vehicle atti- 
tude error as a function of time since ignition in response 
to the one sigma c.g. uncertainty of 0.5 degrees (Reference 5 ) .  
This figure is valid for both the pitch and yaw directions. 
This error was considered for the SPS portion of the maneuvers 
only. 

2.4 Reference Trajectory 

504 Preliminary Reference Trajectory (Reference 2). Table 2 
presents some of the trajectory parameters of interest as well 
as nominal vehicle performance parameters assumed for the study. 

The reference trajectory selected for study was the 
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S i n c e  t h e  r e f e r e n c e  t r a j e c t o r y  T E I  maneuver was 
gu ided  a c c o r d i n g  t o  t h e  c r o s s  p roduc t  s t e e r i n g  law, t h e  T E I  
maneuver had t o  be  r e t a r g e t e d  s l i g h t l y  f o r  t h i s  s t u d y .  The 
r e t a r g e t i n g  was done t o  enab le  t h e  T E I  maneuver t o  be performed 
w i t h  a c o n s t a n t  i n e r t i a l  a t t i t u d e  s o  as t o  a r r i v e  a t  E n t r y  a t  
t h e  r e f e r e n c e  t r a j e c t o r y  t ime and w i t h  t h e  r e f e r e n c e  f l i g h t  
p a t h  a n g l e .  A l l  o t h e r  En t ry  p a r a m e t e r s  of t h e  r e t a r g e t e d  t ra -  
j e c t o r y  ag reed  v e r y  w e l l  w i t h  t h e  r e f e r e n c e  t r a j e c t o r y .  

T E I  i g n i t i i o n  occur red  a t  r e f e r e n c e  t i m e .  The nominal  
i n e r t i a l  a t t i t u d e  was t h a t  which would be o b t a i n e d  from t h e  
i n i t i a l ' c o m m a n d e d  a t t i t u d e  of t h e  c r o s s  p r o d u c t  s t e e r i n g  law 
w i t h  t h e  gu idance  c o n s t a n t  e q u a l  t o  0.466055. The r e q u i r e d  
T E I  AV was 2654.8251 f p s .  

3 . 0  DISCUSSION OF RESULTS 

Tab le  3 p r e s e n t s  t h e  sample c o v a r i a n c e  m a t r i x  o b t a i n e d  
a t  t h e  end o f  T E I .  The m a t r i x  i s  i n  t h e  o r b i t  p l a n e  or UVW 
c o o r d i n a t e  s y s t e m  i n  which U i s  a l o n g  t h e  nominal  p o s i t i o n  vec- 
t o r ,  W i s  i n  t h e  d i r e c t i o n  of  t h e  nominal  a n g u l a r  momentum vec- 
t o r ,  and V comple tes  t h e  r i g h t  handed o r t h o g o n a l  sys tem.  

T h i s  c o v a r i a n c e  m a t r i x  was compared w i t h  t h e  covar -  
i a n c e  m a t r i x  of  a c t u a l  d i s p e r s i o n s  o b t a i n e d  u s i n g  t h e  p r imary  
gu idance  sys tem (see Reference  3 ) .  The v e l o c i t y  e r r o r s  a t  t h e  
end o f  T E I  f o r  t h e  SCS AV mode are  on t h e  o r d e r  of  15 t imes  
l a rge r  - i n d i c a t i n g  c o n s i d e r a b l y  degraded  per formance .  

p a l l y  caused  by two e r r o r  s o u r c e s ,  i n i t i a l  misa l ignment  abou t  
t h e  p i t c h  a x i s ,  and p i t c h  gyro c o n s t a n t  d r i f t .  The l a r g e  9 
or downrange v e l o c i t y  e r r o r s  were caused  p r i n c i p a l l y  by t h e  
AV c o u n t e r  e r r o r .  

The l a r g e  0, o r  r a d i a l  v e l o c i t y  e r r o r s ,  were p r i n c i -  

The above mentioned three  e r r o r  s o u r c e s  t o g e t h e r  w i t h  
i n i t i a l  misa l ignment  abou t  t he  yaw a x i s  and yaw gyro  c o n s t a n t  
d r i f t  were t h e  o n l y  e r r o r  sou rces  which c o n t r i b u t e d  m a t e r i a l l y  
t o  t h e  d i s p e r s i o n s  a t  t h e  end o f  T E I .  The l a t t e r  two e r r o r  
s o u r c e s  caused  t h e  s u b s t a n t i a l  o u t  of  p l a n e  v e l o c i t y  e r r o r s .  

T a b l e  4 p r e s e n t s  t h e  sample c o v a r i a n c e  m a t r i x  o f  t h e  
a c t u a l  d i s p e r s i o n s  a t  E n t r y .  T h i s  c o v a r i a n c e  m a t r i x  was com- 
p a r e d  w i t h  s e v e r a l  o f  t h e  E n t r y  c o v a r i a n c e  m a t r i c e s  g e n e r a t e d  
i n  t h e  s t u d y  d e s c r i b e d  by Reference  1. The SCS AV mode E n t r y  
e r r o r s  are  c o n s i d e r a b l y  l a r g e r  (by two o r d e r s  o f  magni tude)  
t h a n  t h e  e r r o r s  o b t a i n e d  u s i n g  t h e  p r imary  guidance  s y s t e m  
and MSFN n a v i g a t i o n .  They were a l s o  v e r y  s l i g h t l y  l a r g e r  t h a n  



BELLCOMM, INC. - 7 -  

t h e  e r r o r s  o b t a i n e d  u s i n g  t h e  pr imary  guidance  sys tem w i t h  
t h e  on-board o p t i c a l  n a v i g a t i o n  system. They were however, 
c o n s i d e r a b l y  smaller t h a n  t h e  e r r o r s  o b t a i n e d  when t h e  sex- 
t a n t  accu racy  was assumed t o  b e  th ree  times worse t h a n  i t s  
s p e c i f i c a t i o n  v a l u e .  F- 

The pr imary  r e a s o n  t h a t  t h e  SCS AV mode e r r o r s  were 
s l i g h t l y  smaller i s  t h a t  the  t h i r d  midcourse c o r r e c t i o n s  were 
g e n e r a l l y  q u i t e  small. I n  f a c t  i n  about  55% of  t h e  c a s e s  t h e y  
were e i t h e r  no t  made a t  a l l  o r  o n l y  t h e  RCS s y s t e m  was r e q u i r e d .  
T h i s  avoided  t h e  ra ther  l a r g e  p o i n t i n g  e r r o r s  a s s o c i a t e d  w i t h  
a s h o r t  SPS burn  due t o  t h e  c e n t e r  o f  g r a v i t y  l o c a t i o n  uncer -  
t a i n t y .  I n  a d d i t i o n ,  t h e  AV c o u n t e r  e r r o r s  are much s m a l l e r  
f o r  small AV maneuvers. I n  t h e  c a s e  o f  t h e  on-board n a v i g a t i o n  
s y s t e m  however, t h e  t h i r d  midcourse c o r r e c t i o n  was s u b j e c t  t o  
c o n s i d e r a b l e  e r r o r  because  of l a r g e  landmark u n c e r t a i n t i e s  even  
though t h e  midcourse execu t ion  was b e t t e r  t h a n  i n  t h e  SCS AV 
mode c a s e .  

S i n c e  t h e  E n t r y  event  was d e f i n e d  by t h e  s p a c e c r a f t  
r e a c h i n g  a n  a l t i t u d e  of 400,000 f e e t ,  t h e  U o r  radial  p o s i t i o n  
e r r o r s ,  cou ld  on ly  be n e g a t i v e .  Consequent ly ,  t h e  U e r r o r s  
are no t  normal ly  d i s t r i b u t e d .  S i n c e  t h e  r e l a t i o n s h i p  between 
t h e  downrange and rad ia l  p o s i t i o n  e r r o r s  i s  q u a d r a t i c  r a t h e r  
t h a n  l i n e a r ,  t h e  c o r r e l a t i o n  c o e f f i c i e n t  between t h e  two v a r i -  
a tes  i s  n e a r l y  z e r o .  The expec ted  s t r o n g  n e g a t i v e  c o r r e l a t i o n  
between downrange p o s i t i o n  and r ad ia l  v e l o c i t y  e r r o r s  i s  p r e s e n t .  

The o t h e r  components of  t h e  e r r o r s  were r e l a t i v e l y  
l o o s e l y  c o r r e l a t e d .  By far t h e - l a r g e s t  component o f  v e l o c i t y  
e r r o r  was i n  t he  out-of-plane ( W )  d i r e c t i o n  which c a u s e s  a n  
az imuth  e r r o r .  No r e g r e s s i o n  a n a l y s i s  was done on t h e  s ta t is-  
t i c s .  However, by comparing samples  w i t h  l a r g e  out-of-plane 
v e l o c i t y  e r r o r s  a t  En t ry  t o  t h e  e r r o r s  which were p r e s e n t  a t  
the end o f  T E I ,  it a p p e a r s  t h a t  t h e r e  i s  a s t r o n g  c o r r e l a t i o n  
between out-of-plane v e l o c i t y  e r r o r s  a t  E n t r y  and out -of -p lane  
v e l o c i t y  e r r o r s  a t  t h e  end of TEI.  The midcourse c o r r e c t i o n s  
t o o k  c a r e  o f  t h e  out-of-plane p o s i t i o n  e r r o r  a t  E n t r y  b u t  cou ld  
n o t  take c a r e  of  t h e  v e l o c i t y  e r r o r .  

Two o t h e r  q u a n t i t i e s  were a l s o  computed a t  E n t r y .  
These were t h e  f l i g h t  path a n g l e ,  and t h e  g e o c e n t r i c  az imuth  
(measured c lockwise  from Nor th ) .  The means and t h e  s t a n d a r d  
d e v i a t i o n s  of t h e  d i s t r i b u t i o n s  o f  t h e s e  two q u a n t i t i e s  a r e  
p r e s e n t e d  i n  T a b l e  5 .  I n  a d d i t i o n ,  t h e  cumula t ive  d i s t r i b u t i o n  
f u n c t i o n s  f o r  each  of t h e  q u a n t i t i e s  was p l o t t e d  and i s  pre- 
s e n t e d  i n  F i g u r e s  2 and 3 r e s p e c t i v e l y .  The s tar  c u r v e s  on 
each  o f  the  p l o t s  are  gauss i an  cumula t ive  d i s t r i b u t i o n s  w i t h  
the  same mean and v a r i a n c e  as  t h e  sample mean and v a r i a n c e  o f  
t h e  p l o t t e d  d i s t r i b u t i o n s .  
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The d i s t r l b u t i o n s  o f  t h e  f l i g h t  p a t h  a n g l e  and az imuth  
e r r o r s  are s e e n  t o  b e  ve ry  n e a r l y  g a u s s i a n .  The d i f f e r e n c e  
between t h e  sample mean of t h e  f l i g h t  p a t h  a n g l e  d i s t r i b u t i o n  
and t h e  r e f e r e n c e  t r a j e c t o r y  v a l u e  i s  s l i g h t l y  l a r g e r  t h a n  t h e  
v a l u e  of  t h e  sample s t a n d a r d  d e v i a t i o n  d i v i d e d  by  t h e  s q u a r e  
r o o t  of  t h e  number o f  samples .  T h i s  i n d i c a t e s  t h a t  t h e r e  i s  
a good l i k e l i h o o d  tha t  t h e  t r u e  mean of  t h e  d i s t r i b u t i o n  i s  n o t  
e q u a l  t o  t h e  r e f e r e n c e  t r a j e c t o r y  v a l u e .  The p r o b a b l e  b i a s  of  
.005 d e g r e e s  i s  n e g l i g i b l y  small however. 

The t h r e e  sigma v a r i a t i o n  of  f l i g h t  p a t h  a n g l e  abou t  
t h e  sample mean i s  .399 degrees  s o  t h a t  t h e  99.73% "width"  o f  
t h e  r e q u i r e d  e n t r y  c o r r i d o r  i s  abou t  .798 d e g r e e s .  Reference  4 
p r e s e n t s  c u r v e s  which r e l a t e  t h e  a l l o w a b l e  f l i g h t  p a t h  a n g l e  
c o r r i d o r  t o  l i f t - t o - d r a g  r a t i o .  Comparing .798 degrees t o  t h e  
r e f e r e n c e  4 data ,  one concludes  t h a t  a l i f t - t o - d r a g  r a t i o  as  
small as .025 cou ld  be t o l e r a t e d ,  p rov ided  t h e  r e f e r e n c e  t r a -  
j e c t o r y  v a l u e  i s  a p p r o p r i a t e l y  s e l e c t e d .  (The r e f e r e n c e  4 t e n  
G l i m i t  cu rve  had t o  b e  e x t r a p o l a t e d  t o  t h e  z e r o  L/D p o i n t  t o  
a r r i v e  a t  t h i s  c o n c l u s i o n .  A check  o f  t h e  a l l o w a b l e  f l i g h t  
p a t h  a n g l e  d i s p e r s i o n s  f o r  small L/D was made u s i n g  a n  E n t r y  
program developed  a t  Bellcomm and t h e  c o n c l u s i o n  was v e r i f i e d . )  

The d i f f e r e n c e  between t h e  sample mean of t h e  az imuth  
e r r o r s  and t h e  r e f e r e n c e  t r a j e c t o r y  v a l u e  i s  s l i g h t l y  l a rger  
t h a n  t h e  expec ted  s t a n d a r d  d e v i a t i o n  of  t h e  sample mean. T h i s  
i n d i c a t e s  t h a t  t h e  az imuth  e r r o r s  are p r o b a b l y  biased w i t h  re-  
spect  t o  t h e  r e f e r e n c e  v a l u e .  The p r o b a b l e  b i a s  of  .025O i s  
n e g l i g i b l y  small however. The t h r e e  sigma v a r i a t i o n  i n  t h e  
az imuth  e r r o r  of  - + . 4 2  deg rees  can  b e  e a s i l y  handled  d u r i n g  
t h e  En t ry  phase. 

T a b l e  6 p r e s e n t s  a summary of  t h e  s t a t i s t i c s  of  t h e  
AV r e q u i r e d  f o r  each  of  the  midcourse c o r r e c t i o n s  as  w e l l  as  
t h e  t o t a l  AV, f o r  t h e  e n t i r e  t r a n s e a r t h  l e g  o f  t h e  m i s s i o n .  

The f i r s t  c o r r e c t i o n  was made 95.1% of  t h e  t i m e  and 
a lmos t  a l l  o f  t h o s e  used  t h e  SPS e n g i n e .  The assumpt ion  t h a t  
t h e  f i r s t  c o r r e c t i o n  would b e  made a t  n i n e t e e n  h o u r s  a f t e r  T E I  
f o r c e s  t h e  AV r e q u i r e d  t o  be c o n s i d e r a b l y  l a r g e r  t h a n  it would 
be i f  t h e  t i m e  o f  t h e  midcourse were s e l e c t e d  on t h e  basis of  
t h e  magnitude of t h e  r e q u i r e d  c o r r e c t i o n .  C u r r e n t  m i s s i o n  
p l a n s  p r o v i d e  f o r  t h e  c o r r e c t i o n  t o  be made anywhere i n  a band 
o f  t i m e ,  e . g . ,  anywhere from n i n e  t o  t w e n t y - f i v e  hour s  a f t e r  
T E I .  I n  t h i s  p a r t i c u l a r  ca se ,  t h e  T E I  e r r o r s  were s o  l a rge  
t h a t  many of  t h e  c o r r e c t i o n s  would have been made n i n e  o r  t e n  
h o u r s  a f t e r  i n j e c t i o n  a t  c o n s i d e r a b l e  s a v i n g s  i n  SPS f u e l .  
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S i m i l a r l y ,  s e v e r a l  of t h e  samples  f e l l  i n t o  t h e  gap 
between f i v e  and seven teen  f p s  f o r  t h e  f i r s t  midcourse and s o  
were n o t  made. Many of t h e s e  r e q u i r e d  s u b s t a n t i a l  second c o r -  
r e c t i o n s  and f o r c e d  t h e  second midcourse  s t a t i s t i c s  t o  be rathe--r 
p e s s i m i s t i c  as w e l l .  One sample,  f o r  example,  had a r e q u i r e d  
AV f o r  t h e  f i r s t  midcourse of 1 5 . 3  f p s .  By t h e  t ime of t h e  
second c o r r e c t i o n ,  t h e  r e q u i r e d  AV had grown t o  113 f p s .  Under 
c u r r e n t  m i s s i o n  p l a n s ,  a f i r s t  c o r r e c t i o n  would have been  made 
u s i n g  e i t h e r  t h e  RCS s y s t e m  on ly  a round t e n  h o u r s  a f t e r  TEI or 
t h e  SPS s y s t e m  around twenty  hour s  a f t e r  T E I .  

The r e q u i r e d  AV f o r  t h e  second midcourse  was subs t an -  
t i a l l y  l e s s  t h a n  f o r  t h e  f i r s t  c o r r e c t i o n .  A q u a r t e r  of  t h e  
c o r r e c t i o n s  r e q u i r i n g  t h e  SPS e n g i n e  were samples  i n  which t h e  
f i rs t  c o r r e c t i o n  r equ i r emen t  f e l l  i n t o  t h e  f i v e  t o  s e v e n t e e n  
f p s  gap.  About ha l f  of  t h e  second c o r r e c t i o n s  r e q u i r e d  from 
one t o  f i v e  f p s  and were made w i t h  t h e  RCS sys tem o n l y .  

The t h i r d  c o r r e c t i o n  was n o t  r e q u i r e d  i n  25% o f  t h e  
c a s e s .  About ha l f  o f  t h e  c o r r e c t i o n s  made r e q u i r e d  t h e  RCS 
s y s t e m  o n l y .  Most o f  t h e  c a s e s  r e q u i r i n g  t h e  SPS s y s t e m  were 
a g a i n  samples  i n  which t h e  p r e v i o u s  midcourse  r e q u i r e d  AV f e l l  
between f i v e  and seven teen  f p s .  R e c a l l ,  t h a t  f o r  t h e  t h i r d  
c o r r e c t i o n ,  t h e  RCS system was t o  be used f o r  r e q u i r e d  A V ' s  
i n  t h e  f i v e  t o  s e v e n t e e n  f p s  r a n g e .  I n t e r e s t i n g l y ,  a n  extreme- 
l y  s m a l l  p e r c e n t a g e  ( l e s s  t h a n  1%) f e l l  i n t o  t h i s  r a n g e .  

I n  g e n e r a l ,  t h e  SCS AV mode performed t h e  c o r r e c t i o n s  
s u r p r i s i n g l y  w e l l  c o n s i d e r i n g  t h e  e r r o r  s t a t i s t i c s  assumed f o r  
t h e  sys tem.  The t o t a l  t r a n s e a r t h  midcourse  r e q u i r e m e n t s  ex- 
ceeded  1 0 0  f p s  i n  38% of  t h e  cases. T h i s ,  o f  c o u r s e ,  would be  
u n a c c e p t a b l e ,  b u t  a more f l e x i b l e  method f o r  s e l e c t i n g  t h e  time 
of  t h e  c o r r e c t i o n  would improve t h e  midcourse  s t a t i s t i c s  
c o n s i d e r a b l y .  

F i g u r e s  4 ,  5 ,  and 6 p r e s e n t  t h e  cumula t ive  d i s t r i b u -  
t i o n  o f  t h e  t o t a l  RCS, SPS, and combined AV r e q u i r e d  f o r  t h e  
e n t i r e  t r a n s e a r t h  l e g .  The s t a r  c u r v e s  a g a i n  are normal d i s -  
t r i b u t i o n s  w i t h  t h e  same mean and v a r i a n c e  as t h e  p l o t t e d  
d i s t r i b u t i o n s .  

4 . 0  CONCLUSIONS 

The SCS system when used  as t h e  backup gu idance  sys tem 
i n  t h e  SCS AV mode r e s u l t s  i n  c o n s i d e r a b l y  degraded  per formance  
when compared t o  t h e  pr imary gu idance  sys tem.  V e l o c i t y  e r r o r s  
a t  t h e  end of  t r a n s e a r t h  i n j e c t i o n  a r e ,  i n  t h e  neighborhood of  
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f i f t e e n  t imes  l a r g e r  f o r  the  SCS sys tem.  The r e s u l t i n g  e r r o r b  
a c h i e v e d  a t  En t ry  a re  s u b s t a n t i a l l y  l a rger  t h a n  t h o s e  ach ieved  
by t h e  p r i m a r y  s y s t e m ,  bu t  t h e y  are a c c e p t a b l y  small .  The 
f l i g h t  p a t h  a n g l e  e r r o r s  a t  Ent ry  were .399 d e g r e e s  ( 3  sigma) 
s o  t h a t  t h e  proposed s p a c e c r a f t  l i f t - t o - d r a g  r a t i o  of  0 . 2 6  
would b e  adequa te  i n  t h i s  c a s e .  The midcourse  f u e l  r e q u i r e -  
ments  f o r  t h e  SCS AV mode a r e  l a r g e r  t h a n  f o r  t h e  p r i m a r y  s y s -  
tem, b u t  w i t h  a r e a s o n a b l e  t i m e  of midcourse c o r r e c t i o n  s e l e c -  
t i o n  c r i t e r i a ,  i t  a p p e a r s  t h a t  t h e  r e q u i r e d  f u e l  would n o t  b e  
e x c e s s i v e .  

The SCS AV guidance mode combined w i t h  MSFN naviga-  
t i o n  produces  s l i g h t l y  l a r g e r  e r r o r s  a t  E n t r y  t h a n  does  t h e  
p r i m a r y  guidance  s y s t e m  w i t h  t h e  on board  o p t i c a l  n a v i g a t i o n  
s y s t e m .  
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c r a s h  basis  i n  a p e r i o d  of  th ree  weeks. That  would have been 
i m p o s s i b l e  wi thou t  t h e  t i r e l e s s  h e l p  of  t hese  i n d i v i d u a l s .  
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Attachments  
Tables  1 th rough  6 
F i g u r e s  1 th rough  6 

D .  A .  ~ o r e y d  
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TABLE 1 
ERROR SOURCE VALUES 

E r r o r  Source 

New random 
sample f o r  

each maneuve7, -. - 1 value 

x Gyro g sensitive drift 3O/hr/g (1) No 
y Gyro g sensitive drift 3O/hr/g (1) No 
z Gyro g sensitive drift 3O/hr/g (1) No 
Initial misalignment about body 
roll axis 0.5' 
Initial misalignment about body 
yaw axis 0.5' 
Initial misalignment about body 
pitch axis 0.5' 

Yes 

Yes 

Yes 
Accelerometer misalignment in 
yaw plane 
Accelerometer misalignment in 
pitch plane 

0.06' No 

0 . 0 6 ~  No 
Center of gravity uncertainty in 

Center of gravity uncertainty in 
the pitch plane 0.5' (2) 

the yaw plane 0.50 (2) 

x Gyro Constant drift 
y Gyro Constgnt drift 

2.333O/hr (3) 
2.333O/hr (3) 

Yes 

Yes 
No 
No 

z Gyro Constant drift 2.333O /hr ( 3 ) No 
Delta V counter uncertainty .004333 x Delta V ( 4 )  

for the maneuver or 
0.25 fps whichever is 
greater Yes 

SPS Thrust uncertainty 200 lb. 
SPS Specific Impulse uncertainty 3.149 Sec. 

No 
No 

RCS Thrust uncertainty 4 lb. No 
RCS Specific Impulse uncertainty 2.8 Sec. 
Mass uncertainty (beginning of TEI) 10.244 slugs 

(1) reference 6 actually states 1.333O/hr/g 

(2) reference 5 

(3) reference 6 

(4) reference 7 



TABLE 2 

Characteristics of the Reference Trajectory 
and Nominal Vehicle 

Transearth Flight Time 99 hr 2 min 14.540 sec. 
TEI Burn Time 119.603 sec. 
TEI AV (guided) 2654.3182 fps 

IVinf I 
Eccentricity at TEI 1.2532 

2661.7 fps 

Selenographic Inclination of TEI 173. 890' 
Selenographic Longitude of the 
ascending Node 25.677' 

Geographic Latitude of Entry 
Geographic Longitude of Entry 
Altitude of Entry 
Flight Path Angle at Entry 
Geocentric Azimuth at Entry 
Velocity at Entry 
Geographic Inclination at Entry 
Geographic Longitude of the 
Ascending Node 

Vehicle Weight at TEI Ignition 
Vehicle Weight at TEI Cut-off 
SPS Engine Thrust 

RCS Total Thrust 

-9.413' 
156.829 
401853.6 feet 

126 957 
36069.5 fps 

-6.266' 

37 913' 

16 937' 

32959.0 l b .  

25362.7 l b .  

20000 l b .  

400 lb. 
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TABLE 5 

SUMMARY OF ENTRY ERRORS 

E r r o r  Sample Mean 

F l i g h t  Pa th  Angle -6.2724 deg. 

Azimuth 126.932 deg. 

Sample Standard Devia t ion  

,13298 deg. 

, 2 1 6 0 9  deg. 



TABLE 6 

MIDCOURSE AV REQUIRED 

MIDCOURSE 1 

RCS 

SPS 

TOTAL 

MIDCOURSE 2 

RCS 

SPS 

TOTAL 

MIDCOURSE 3 

RCS 

SPS 

TOTAL 

TOTAL TRANSEARTH 

RCS 

SPS 

TOTAL 

STANDARD 
MEAN DEVIATION 

( f p s  1 ( f p s )  

4 7536 1.0805 

61.4247 37.3898 

66.1784 37 8083 

2.0154 2.1451 

8 3368 22.5766 

10.3522 23 7521 

3.1071 2.6195 

16.3968 21.2528 

19 -5039 22.8196 

9.8761 1.9741 

86 3 8 4  46.3497 

96 0345 47.2634 

PERCENT 
MADE 

95.1 

94.9 

95.1 

52.1 

22.5 

52.1 

74.6 

45.2 

74.6 

73.9 

54.2 

73.9 
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FIGURE 2 
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